I
N RECENT years clearance techniques have been developed which permit precise measurements of the rates at which some substances are transported from tubular lumen to peritubular capillaries (glucose, amino acids, ascorbic acid, etc.) and others from peritubular fluid to the lumina of the tubules (p-aminohippurate, diodrast, phenol red, etc.). Many of the tubular excretory and reabsorptive processes are characterized by the movement of a solute against a concentration gradient. Such active transport mechanisms obviously require expenditure of energy and, consequently, are inextricably linked with the metabolic activities of the cell.
Relatively little is known concerning the biochemical events which underlie active transport mechanisms in the kidney. It has been proposed, on the basis of histochemical evidence and biochemical and physiological experiments with phloridzin (cf. I for review), that glucose transport involves the stepwise phosphorylation and dephosphorylation of glucose in the cells of the proximal convoluted tubule. In the cases of other active transport systems, such as those concerned with the tubular excretion of diodrast, p-aminohippurate, phenol red and penicillin, no obvious mechanism can be deduced from available biochemical information. However, it may be presumed that the transported substance undergoes a series of two or more reactions during its passage across the tubular epithelium. At least one of these reactions must involve the participation of an energy-donating system.
The importance of energy-rich phosphate compounds in various biological syntheses, in muscle contraction (2) , the transmission of the nerve impulse (3), etc., suggests that they may play a similarly important role in renal tubular processes. Recent observations on aerobic phosphorylation (4) appeared to offer an experimental approach whereby the participation of phosphate bond energy in cellular transport might be uncovered. Of particular importance to the present studies is the finding that 2 ,+dinitrophenol (DNP), in concentrations as low as 5 )( IO-~ M, is capable of interrupting the coupling of oxidation and phosphorylation in respiring, washed cell particle preparations of mammalian kidney, such as that designated the 'cyclophorase system' (5). Unlike various other inhibitors of aerobic phosphorylation, such as cyanide, sodium azide, arsenite or phloridzin, DNP exhibits no depressant action on respiration. In intact cell systems, e.g. fertilized seaurchin eggs (6), staphylococci or yeast (7), oxygen consumption may be increased several fold by concentrations of DNP which block completely the assimilation of inorganic phosphate. A high degree of structural specificity underlies the action of DNP. The mononitrophenols, and even 2-amino-+nitrophenol, are completely inactive either in stimulating respiration or inhibiting aerobic phosphorylation. Therefore, it seemed probable that a study of the effects of various closely related, active and inactive nitrophenols on selected tubular transport mechanisms might serve to implicate aerobic phosphorylation in the energy-donating system. The present studies are concerned with the effects of DNP and a series of related compounds on the transport and accumulation of phenol red by the isolated renal tubules of the flounder. The technique recently devised by Forster (8) affords an opportunity for examining a large number of chemical agents in known concentration and in the absence of possibly complicating extrarenal factors.
METHODS
All of the studies were performed with kidney tissue taken from freshly caught flounder (Pseudo' pleurortectes UM&U~US). Flounder kidney has the distinct advantage of a loose intertubular con' nective tissue which facilitates the teasing apart of individual tubules. The technique employed was essentially the same as that previously described by Forster (8) . Several teased fragments of kidney tissue, approximately one mm. across, were suspended in a Petri dish at room temperature in 5 ml. of a balanced isotonic salt solution containing bicarbonate and one mg. of phenol red/roe ml. Aeration and gentle agitation were maintained by a continuous stream of oxygen introduced through a 22-gauge needle. The kidney fragments were examined periodically under a low power microscope without being removed from the suspending medium. The degree of phenol red concentration in the tubular lumen was graded zero to four plus, o indicating no accumulation of dye, + a barely detectable concentration and +++ + an intense red color corresponding to concentrations of IOO mg. per cent or more. Inasmuch as various segments of the tubules do not concentrate the dye to an equal degree, the sample was graded after each interval on the basis of the most active segment observed in all of the fragments of tissue. Solutions of the various inhibitors were prepared in the suspending medium and, when necessary, the PH was readjusted to that of the control solution. Each agent was examined over a range of two-fold dilutions and comparison was made with an inhibitor free control. Only those experiments were considered satisfactory in which a +++ + concentration of dye was obtained in the control within 30 to 60 minutes.
The conventional Barcroft-Warburg apparatus was used in the respiration studies. The kidneys of several fish were pooled, coarsely minced with a razor blade and suspended in the balanced isotonic salt solution. Each Warburg vessel contained a.5 ml. of the crude.mince (approximately one gm. of kidney), the indicated neutralized substrates or inhibitors in 0.3 ml., alkali in the center well, and oxygen in the gas space. The manometers were shaken at room temperature for 5 minutes, following which the taps were closed and oxygen consumption recorded for 2 consecutive ro-minute periods.
RESULTS
General. When teased fragments of flounder kidney are suspended in a suitable medium containing dilute phenol red, a definitely detectable concentration of dye in the lumina of the individual tubules is usually apparent within 5 minutes. The intensity of the color gradually increases so that concentrations corresponding to Of the 12 nitrophenols selected for study, 5 have previously been shown to be effective inhibitors of aerobic phosphorylation, while the remaining 7 were completely inactive at a concentration of I X IO-~ M (4). Each of these agents was examined with the isolated flounder tubules at concentrations ranging from (table I) . The transfer of phenol red was completely blocked by I X IO--~ M DNP, while graded effects were obtained with concentrations of 5 X IO+ to 1.25 X IO-SM. This gradation of effect was found to be remarkably reproducible. It is noteworthy that the degree of inhibition at any given concentration of DNP corresponded closely to that previously observed in the aerobic phosphorylating system of rabbit kidney (cf. table 14 in (4) ).
Of the related compounds, 5 were effective inhibitors of phenol red transport and 6 were inactive. The inhibitory activities of the various compounds paralleled their effectiveness in the rabbit kidney phosphorylation system, with one outstanding exception. Trinitrophenol, or picric acid, which is inactive as an inhibitor of aerobic phosphorylation, proved to be a potent inhibitor of phenol red transport. Picric acid may be recognized on chemical grounds to be an exceptional member of this series of compounds in another respect. The substitution of a third nitro group in the 6-position greatly increases the dissociation of the phenol (pKa = 0.38 as compared with 4 .0 for DNP). Therefore, it seemed possible that picric acid inhibited phenol red transport in some manner other than by an interference with aerobic phosphorylaby 10.220.33.3 on July 15, 2017 http://ajplegacy.physiology.org/ tion. It was suggested that picrate might differ from the other active nitrophenols by irreversibly inactivating some component of the transport mechanism. However, such was not the case. When phenol red transport had been completely blocked by either DNP or picrate for as long as 20 minutes, a transfer of the kidney tissue to an inhibitor-free medium was promptly followed by an uptake of dye.
Respiration Studies. As mentioned previously, the nitrophenols which inhibit aerobic phosphorylation also exhibit the unusual property of stimulating the respiration of intact cells. This property appeared to offer a possible means of differentiating the action of picrate from that of the other active nitrophenols. The respiration studies were performed as described under METHODS. The rate of oxygen consumption was essentially constant during the ao-minute observation period. The addition to the kidney mince of either inorganic phosphate or substrates, such as a-ketoglu- -__-----Each Warburg vessel contained 2.5 ml. of a suspension of crudely minced flounder kidney in a balanced isotonic salt solution, the indicated addition in 0.3 ml., 0.2 ml. of 6~ NaOH in the center well, and oxygen in the gas space. Temperature 27OC. Time 20 minutes. tarate or succinate, resulted in little or no significant increase in oxygen consumption (Exper. 1, table 2). Consequently, no such additions were made in subsequent experiments.
Several other agents which had also been found to inhibit phenol red transport in the fish tubules(g) were examined for their effects on the respiration of the kidney mince. Each agent was tested at the minimal concentration required for complete inhibition of phenol red transport (Exper. 2, table 2). Phloridzin, arsenite and sodium azide depressed oxygen consumption 33 to 71 per cent. DNP, on the other hand, increased respiration 64 per cent above the control value. Thus, the respiratory stimulation of DPN on sea-urchin eggs, staphyloccoci and yeast previously reported is obtained as well with the fish kidney mince.
The results obtained with all I 2 of the nitrophenols are summarized in table 3. It may be noted that the 6 compounds which are inactive as inhibitors of either aerobic phosphorylation or phenol red transport likewise exhibit little effect on respiration. The 5 compounds, which are active inhibitors in both systems, stimulated respiration 39 to 75 per cent. Picrate, the previously noted exception, does not exhibit the characteristic stimulatory effect of the other active nitrophenols. Therefore, it appears reasonable to conclude that the action of picrate on phenol red transport differs from that of DNP and is probably not primarily concerned with an interruption of aerobic phosphorylation.
It would obviously be desirable to examine directly the effects of the various inhibitors in aerobic phosphorylating systems obtained from the fish kidney. Preliminary observations along these lines have revealed the presence in flounder kidney of an extremely active adenosinetriphosphatase which interferes with such measurements. The activity of the ATPase is reduced only 30 per cent by 5 X rom2 M fluoride, a concentration which inhibits respiration almost completely. 
DISCUSSION
It is obviously impossible, on the basis of these preliminary results, to assign a definite role to aerobic phosphorylation reactions in the overall mechanism of tubular transport. However, the generally excellent correlation between the results obtained with a mammalian kidney enzyme system and with the isolated renal tubules of the flounder suggests that energy-rich phosphate bonds participate in the cellular transport of phenol red. The demonstration of a prompt and complete reversal of the DNP effect indicates quite clearly that phosphate bond energy is concerned with more than the simple maintenance of viability in the tubular cells.
It should be emphasized that the utilization of phosphate bond energy does not necessarily imply that the substance transferred, viz. phenol red, is phosphorylated during its passage across the tubule. There is the equal possibility that one of the cellular components of the transport system must be raised to a reactive state through interaction with an energy-rich phosphate. Such a process may be considered analogous to the activation of acetate by adenosinetriphosphate prior to its condensation with foreign amines (ro).
Volume r6r SUMMARY Twelve substituted phenols were examined for their effects on the transport of phenol red in the isolated renal tubules of the flounder. The inhibition of phenol red transport by several of these compounds appears to be closely related to their capacity to interfere with the formation of energy-rich phosphate bonds in a respiring, mama malian kidney enzyme system. It may be concluded that the cellular transport of phenol red is dependent in part on the utilization of phosphate bond energy.
